Protein-capture agents are widely used for the detection, immobilization and isolation of proteins and are the foundation for the development of in vitro diagnostic chips. The chemokine CXCL8 is an interesting protein target due to its involvement in the human inflammatory response. We constructed a novel structural model of CXCL8 interaction with its G-protein coupled receptor CXCR1, taking into account previously reported experimental data. From this CXCL8:CXCR1 model complex, the interaction of CXCL8 with residues near the extracellular domains 3 and 4 of CXCR1 were used as a scaffold for the rational design of a peptide capture agent called 'IL8RPLoops'. A molecular dynamics simulation of IL8RPLoops indicates a stable helical conformation consistent with the CXCR1 structure from which it was derived. CXCL8 capture in fluorescence-based assays on bead and on glass demonstrates that IL8RPLoops is an effective capture agent for CXCL8. Additionally, we found IL8RPLoops to be a potent inhibitor of CXCL8-induced neutrophil migration and CXCL8:CXCR1 association. A theoretical binding model for IL8RPLoops:CXCL8 is proposed, which shows the peptide predominantly interacting with CXCL8 via electrostatic contacts with the ELR motif at the CXCL8 N-terminus.
Introduction
Protein-capture agents are widely used in the detection, immobilization and isolation of proteins and can facilitate the development of in vitro diagnostic chip technologies. Peptide capture agents can be displayed on phages 1 or beads 2 and are typically discovered by library screening methods. Effective protein capture on surfaces can also be achieved by coimmobilization of known low-affinity protein-ligands. 3 A well-established method for the identification of protein capture agents consists of on-bead binding assays with fluorescently labelled proteins. 4, 5, 6 TentaGel resin is typically chosen for fluorescence-based on-bead binding assays due to its excellent swelling ability in water and its low level of unspecific interactions. 7, 8 The detection of proteins by various capture agents, including peptides, can be exploited for protein diagnostic chips, where peptides or proteins are immobilized on surfaces such as glass slides.
Chemokines are small signaling proteins that play a key role in the human immune response by activating leukocyte chemotaxis towards sites of inflammation or to lymph organs. CXCL8 (interleukin-8) was first described in 1987 as a tissue-derived neutrophil-activating protein. 9 The 72 amino acid isoform is the most potent neutrophil attractant in vivo. 10 Due to its involvement in several pulmonary diseases, rheumatism and cancer, CXCL8 can be used as a diagnostic marker. It is also a promising target for drug development. 11, 12, 13 Only a few CXCL8-binding peptides have been previously characterized: the peptide Ac-RRWWCR-NH 2 was reported to inhibit CXCL8-binding to human neutrophils and neutrophil chemotaxis, 14 while the peptide VTTFFDYDYGAPC was reported as a low-affinity ligand for CXCL8. 15 In addition, peptides derived from two short sequence motifs of the CXCR1 N-terminus connected by a linker with the general sequence Ac-MWDFDD-linker-MPPADEDYSP-NH 2 possess K i values in the low micromolar range. 16, 17 An NMR-based structural model (PDB id: 1ILQ) of the structure of one of these peptides, CXCR1-p1 (K i 7 µM 17 ) with a 6-aminohexanoic acid linker, in complex with CXCL8 has been described. 18 CXCL8-binding peptides derived from the N-terminus of rabbit CXCR1 have also been reported. 19 However, no peptides have been shown to capture CXCL8 on-bead or on glass surface so far.
CXCL8 binds G-protein coupled receptors (GPCR) CXCR1 and CXCR2 with an affinity of 2 nM. 20 Detailed knowledge of the molecular interactions between CXCL8 and its GPCR CXCR1 and CXCR2 can potentially enable the rational design of alternative binding peptides that can function as capture agents. The interaction between CXCL8 and CXCR1 has been studied experimentally by CXCR1/CXCL8 mutation studies and NMR. Two NMR experiments with 15N-labeled CXCL8 and CXCR1 N-terminal peptides CXCR1(1-38) and CXCR1(1-40) respectively, identified the CXCL8 N-loop, 3 10 helix, 40S loop and β 3 strand as the major interaction sites of CXCL8 with the N-terminus of CXCR1. 21, 22 These interactions were largely retained in a complex of CXCL8 with CXCR1-p1, a peptide linking CXCR1 (9) (10) (11) (12) (13) (14) to CXCR1 (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) 17 , of which a model is available in the protein database (PDB id: 1ILQ). 18 Further studies suggested that the N-terminus of CXCL8 (residues 1-9) is essential for receptor activation, in particular, the glutamic acid-leucine-arginine motif (ELR motif) at the CXCL8 N-terminus (residues 4-6) was found necessary for biological activity. 23, 24 Residues R199 (extracellular domain 3, ECD3), R203 (transmembrane helix 5, TMH5) and D265 (TMH6) of the CXCR1 sequence were shown to be essential for receptor function and discussed as a possible interaction site for the ELR motif. 25, 26, 18 Following the experimental data, a two-site mechanism has been proposed for the binding of CXCL8 to CXCR1 in which the CXCL8 N-loop first interacts with the CXCR1 N-terminus (site I) and the CXCL8 N-terminus containing the ELR motif then interacts with residues near ECD3 and 4 of the receptor (site II). 27, 28, 29 Although NMR studies of CXCL8 with truncated constructs of CXCR1 in a lipid bilayer failed to provide proof of the interaction between the ELR motif and extracellular regions of CXCR1 22 , binding studies showed that the region of ECD4, i. e. CXCR1(265-290), enhances binding affinity of monomeric CXCL8 for the CXCR1 N-terminus CXCR1(1-40) when juxtaposed onto a soluble scaffold (chemokine receptor elements on a soluble scaffold, CROSS). 30 In addition to interactions with its GPCRs, CXCL8 also binds to glycosaminoglycans (GAG) on the surface of endothelial cells, 31, 32, 33, 34 thereby forming stable gradients of immobilized chemokine. The residues involved in GAG interactions are located at the C-terminal α-helix of CXCL8, mainly at residues K64 and K68. 34, 35, 33 The GAG interaction at the chemokine C-terminus leaves the N-terminus accessible for GPCR interaction and activation. The crystal structure of CXCL8 (PDB id: 3IL8), 36, 37 as well as an NMR-based structure of CXCR1 in a lipid bilayer are available. 38 However, the crystal structure of the CXCL8:CXCR1 complex has not been described so far. Liou et al. recently proposed a non-flexible docking of CXCL8 binding to CXCR1 supplemented with a homology modelled N-terminus based on the structure of bovine rhodopsin. 39 This model presumably does not allow for CXCL8 interaction with endothelial GAG since K64 and K68 are involved in the CXCL8:CXCR1 interaction, suggesting the C-terminal α-helix as a major interaction site between CXCR1 and CXCL8. Furthermore, since the N-termini (residues 1-29) of CXCR1 and rhodopsin share only 23 % sequence identity, rhodopsin is not an ideal template for chemokine receptor homology modelling. Thus there is scope for the development of a new structural binding model of CXCL8 with CXCR1 that is also consistent with experimental information. Such a model could be used for structure-based design of novel peptide capture agents.
The rational design of agonist-binding peptides or receptor mimics based on the sequence and structure of GPCR extracellular and intracellular loops has previously been shown to be a fruitful technique. 40, 41, 42 These designed peptides can act as new leads for the discovery of novel high-affinity protein-capture agents as well as potential GPCR-agonist inhibitors.
However, rational design approaches ideally require detailed structural knowledge of GPCR:agonist interactions. In accordance with this concept and based on experimentally confirmed CXCL8:CXCR1 interactions, we have constructed a novel structural binding model of CXCL8 to its GPCR CXCR1 through flexible protein-protein docking. In this model, the Nloop of CXCL8 interacts with the N-terminus of CXCR1 and the ELR-motif interacts with residues near ECD3 and ECD4 of CXCR1. Based on the proposed ELR-interaction sites near ECD3 and ECD4 of CXCR1, with a particular focus on the experimentally confirmed essential residues R199 (ECD3), R203 (TMH5) and D265 (TMH6), 18, 25 we have designed a peptide linking parts of ECD3 and ECD4 of CXCR1. We show that this peptide 'IL8RPLoops' is an effective CXCL8-capture agent in vitro on bead and on glass surfaces with patterns of immobilized protein. Additionally, we find IL8RPLoops to be an effective inhibitor of CXCL8-induced neutrophil migration. Based on further flexible protein-peptide docking, we also propose a binding model of the CXCL8:IL8RPLoops complex.
Results and Discussion
The ELR-motif in CXCL8 is crucial for receptor activation 23, 24 and is conceived to interact with R199 (ECD3), R203 (TMH5) and D265 (TMH6) of CXCR1. 25 To confirm this hypothetical interaction, we performed a flexible protein-protein docking of CXCL8 to CXCR1 using ROSETTA 43 , which has been shown to reliably predict native-like GPCR conformations. 44 The published NMR structure of CXCR1 in the Protein Databank 45 (PDB id: 2LNL) lacks its Nterminal residues 1-28 and shows the receptor in an inactive apo-state. 38 Therefore, necessary conformational changes of the CXCR1 structure were induced upon docking of its agonist CXCL8. First, the missing N-terminal amino acid sequence of CXCR1, crucial for CXCL8:CXCR1 interaction, was homology-modelled using MODELLER based on the NMRderived structure of CXCL8 in complex with the peptide CXCR1-p1 which was previously designed from the CXCR1 N-terminus by Attwood et al. by linking CXCR1 (9) (10) (11) (12) (13) (14) and CXCR1(20-29) by 6-aminohexanoic acid (PDB id: 1ILQ 18 ). 17 In the CXCL8:CXCR1-p1 complex, CXCR1-p1 interacts with CXCL8 N-loop, 3 10 helix, 40S loop and β 3 strand in a very similar fashion to the interactions of CXCL8 with the complete CXCR1 N-terminus, i. e. CXCR1(1-40) or CXCR1(1-38), as shown by NMR. 21, 22 Thus the CXCL8:CXCR1-p1 complex is a suitable template for homology modelling of the CXCR1 N-terminus. Second, the CXCL8:CXCR1-p1 complex dictated the initial pre-docked orientation of CXCL8 (PDB id: 3IL8) 36, 37 relative to CXCR1, enabling experimentally established interactions to guide subsequent docking. 21, 18, 38 Third, docking was performed with ROSETTA, allowing for full flexibility in CXCL8 and CXCR1 structures, thus permitting potential conformational changes in CXCL8 and CXCR1. Upon docking of CXCL8 and subsequent relaxation, CXCR1 underwent conformational changes involving a tilting of TMH7 in a mode reminiscent to the activation of other class A GPCRs, in particular adenosine A2A receptor. 46, 47 The tilting of TMH7 leads to the formation of two strong hydrogen bonds between E275 on TMH7 and T34 at the N-terminus (see supplementary Figure S1 ). This is particularly interesting since Hébert et al. reported that a CXCR1 mutant in which E275 was changed to alanine lost all affinity for CXCL8. 48 Since the two-site mechanism for chemokine receptor activation involves the interaction of several residues at two different receptor binding sites, this drastic effect seen by the change of one residue at one binding site is surprising. The model explains this finding by indicating that E275 stabilizes the active conformation of CXCR1 that is, as opposed to the inactive apoform, capable of binding CXCL8. 18 and the proposed interaction of the CXCL8 N-Terminus (ELR motif) with R199, R203 and D265 of CXCR1. B) Focus on the interacting residues of CXCL8 and CXCR1; CXCL8 residues are marked by an asterisk. CXCR1 regions containing functionally important residues are highlighted in black. C) Isolated CXCR1 residues near extracellular domains (ECD) 3 and 4: A196 to I204 (AKWRMVLRI) and A264 to Q271 (ADTLMRTQ) that contain residues R199 (ECD3), R203 (TMH5) and D265 (TMH6) that are essential for the interaction with CXCL8. In this model, the ELR motif of CXCL8 interacts with R203 (TMH5) and D265 (TMH6). Additionally, R199 (ECD3) interacts with E29 of the CXCL8 30S-loop.
Important interactions in the modelled CXCL8:CXCR1 complex were characterized by measuring hydrogen-bonds distances. Distances between donor atoms (D) and acceptor atoms (A) should not exceed 3.9 Å and ideally lie between 2.7 Å and 2.9 Å. 49, 50, 51 Table 1 lists all intermolecular D-A distances in the proposed model (using 2.9 Å as a cut-off distance value for the formation of strong hydrogen bonds) and compares them to previously reported experimentally proven interactions. The model not only preserves the interactions between CXCL8 N-loop and β 3 strand with the N-terminus of CXCR1 as given by the CXCR1:CXCR1-p1 template 18 , it also predicts experimentally proven interactions between CXCL8 N-terminus and CXCR1 extracellular domains. A detailed comparison of our model with previously published data shows that the majority of interactions are in accordance with reported experimental data, suggesting good modelling reliability. The model confirms that the major interacting domains of CXCL8 comprise the N-loop, 3 10 helix, 40S loop and β 3 strand, as well as supporting the proposed interaction between the CXCL8 N-terminus and residues near ECD3 and ECD4 of CXCR1 (see Figure 1) . Recently, after the construction of our model, a novel crystal structure of chemokine receptor CXCR4 in complex with a viral chemokine vMIP-II was released. 52 This structure is remarkably similar to the herein proposed structure of the CXCR1:CXCL8 complex with the N-terminus of the chemokine reaching deep into the transmembrane helix bundle and the N-Loops and adjacent structures interacting with extracellular loops of CXCR4. We believe this further emphasizes the relevance of our model. Table 1 Residues involved in the interactions between CXCL8 and CXCR1 ( < 2.9 Å) as proposed by protein-protein docking shown in Figure 1 . Residues that have been previously confirmed or suggested to be important for CXCL8:CXCR1 interaction by experimental data are shown in bold and referenced.
CXCL8 domains
(residue numbers) In particular, the proposed model supports the involvement of R199, R203 and D265 of CXCR1 in the CXCR1:CXCL8 interaction: charge-charge interactions between E4 of the CXCL8-ELR motif and R203 and R6 of the ELR motif and D265 as well as between E29 of the CXCL8 30S loop and R199 were found (see Figure 1B ). The two helical sequence motifs of the regions of ECD3/TMH5 and TMH6/ECD4 (see Figure 1C ) therefore constitute a candidate scaffold for the design of a peptide capable of binding CXCL8. We chose A196 to I204 and A264 to Q271 as appropriate parts of ECD3/TMH5 and TMH6/ECD4 because they collectively contain R199, R203 and D265 and both incorporate at least one full helix turn of TMH5 and TMH6 respectively that could potentially be preserved in a peptide. We linked the two domains to bridge the distance between them in the full receptor structure (see Figure 1C ). We chose 6-aminohexanoic acid (Ahx) as a linker because it poses a good compromise between hydrophobicity, length and flexibility and has been employed successfully in the design of a different CXCL8-binding peptide, CXCR1-p1, based on the N-terminus of CXCR1.
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The resulting peptide AKWRMVLRI-Ahx-ADTLMRTQ was named 'IL8RPLoops'. After a molecular dynamics simulation of 100 ns, the IL8RPLoops peptide retained a similar helical structure and spatial orientation of side chains R199, R203, D265 to that of the corresponding residues of CXCR1 (see Figure 2 ). The helical structure of IL8RPLoops was later confirmed by circular dichroism spectroscopy (see Figure 3 ). Figure 2 Molecular dynamics simulation of a rationally designed peptide corresponding to the two short sequence motifs shown in Figure 1C . The structural motifs from Figure 1C (in black) are superimposed to the designed peptide AKWRMVLRIAhx-ADTLMRTQ (in light blue), called 'IL8RPLoops' in which the two CXCR1 domains are linked by 6-aminohexanoic acid (Ahx). After 100 ns of molecular dynamics simulation the peptide assumes a partially helical secondary structure with a similar conformation to the original CXCR1 domains. The corresponding residues of IL8RPLoops were renumbered and marked by an asterisk.
IL8RPLoops was synthesized via solid phase peptide synthesis (SPPS) using standard Fmoc/tBu strategy. 59 The circular dichroism spectrum of purified Fluo-IL8RPLoops confirmed a mixture of α-helix and unordered structure as predicted by the peptide model ( Figure 3 ). CXCL8(1-72) was expressed as previously described. 60 The dissociation constant of IL8RPLoops and CXCL8 was determined by fluorescence anisotropy measurements. 61 Four individual measurements gave an average K d of 0.5 ± 0.3 µM (Figure 4) , which compares favorably with the K d values of other previously reported capture agents. 4, 3 To test the peptide's specificity, a randomized peptide with the sequence (Fluo)-LWMIVRKAR-Ahx-RAMQLTDT was synthesized. In circular dichroism measurements the randomized peptide shows no tendency for helical folding (see supplementary Figure S2 ). It also showed no affinity for CXCL8 under 100 µM (see supplementary Figure S3 ). Therefore the interaction between CXCL8 and IL8RPLoops is not merely a result of unspecific interactions between charged residues, but instead requires and ordered peptide with specifically positioned chemical features.
Fluo-IL8RPLoops was shown to be replaced by unlabeled IL8RPLoops in a competition experiment (see supplementary Figure S4 ). With 8.8 ± 3.7 µM the K i of the competition experiment was found to be slightly higher than expected, given that the competitor was structurally equivalent to the displaced ligand except for the fluorescein label. Therefore the impact of the fluorescein label on the IL8RPLoops:CXCL8 interaction was investigated. In a control binding experiment we found that fluorescein alone has low affinity for CXCL8 (K d > 100 µM; see supplementary Figure S5 ). A comparison of the CD spectra of labelled and unlabeled IL8RPLoops showed that the unlabeled peptide has a similar secondary structure, although with less pronounced minima (see supplementary Figure S6 ). The fluorescein label therefore probably has a minor effect on binding by most likely helping to stabilize the peptide fold. To confirm that IL8RPLoops is an effective CXCL8 capture agent, it was synthesized on 300 µm TentaGel MB HMBA resin and treated with fluorescently labelled chemokine. CXCL8 with a fluorescence label at the C-terminus was produced by the reaction of a CXCL8 mutant possessing a C-terminal cysteine residue (CXCL8S72C) with thiol-reactive DyLight550 fluorescence dye. The resulting variant CXCL8S72C-DL550 possesses almost equivalent activity to CXCL8 in biological assays. 62 Labelled CXCL8 was effectively captured by IL8RPLoops on TentaGel resulting in significantly increased fluorescence of the beads in the RHO channel (see Figure 5) . A hydrophobic control peptide (FWLDFW) shows no unspecific interaction with CXCL8S72C-DL550. To further validate the affinity of the peptide for CXCL8, a reverse capture assay with immobilized CXCL8S72C-DL550 was conducted. An elegant method for the immobilization of proteins on glass is projection lithography based on photobleaching, which leads to a covalent attachment of the protein at the site of its label. 63, 64 With this technique, CXCL8S72C-DL550 was immobilized on BSA-coated glass slides to give two identical, characteristic protein patterns on one slide. One pattern was stained by FITClabeled anti-human-CXCL8 antibody, the other was stained with Fluo-IL8RPLoops. After washing, both patterns were clearly visible (see Figure 6 ). Interestingly, CXCL8-binding peptide CXCR1-p1 reported by Attwood et al. 17 failed to stain the protein pattern on glass in our experiments. The immobilization by photobleaching of the fluorophore shown in Figure 6 covalently attaches the fluorescent label at the C-terminus of CXCL8S72C-DL550 to the BSA-coated glass slide. This orientation is similar to the spatial arrangement of the chemokine in vivo, where the C-terminal α-helix interacts with glycosaminoglycans (GAG) on the endothelium to form stable CXCL8 gradients. 31, 32, 33, 34 With its C-terminus tethered, the N-terminus of the chemokine is accessible for CXCR1 and CXCR2 binding that induces cell migration. It can therefore be speculated that with the CXCL8 C-terminus tied to the glass slide, the interaction of IL8RPLoops most likely occurs at the accessible N-terminal side of CXCL8 facing away from the glass surface. As the proposed binding mode of CXCL8 with CXCR1 shows that the chemokine N-terminus makes specific contacts residues near ECDs 3 and 4 of CXCR1, it suggests IL8RPLoops elicits its function through binding in the same way, possibly in the same location.
Indeed, if the GPCR and IL8RPLoops binding sites are close or overlapping, IL8RPLoops could likely compete with CXCR1 for CXCL8 binding. To test this hypothesis, fluorescence-activated cell sorting (FACS) and fluorescence microscopy experiments were conducted to investigate the effect of IL8RPLoops on CXCL8:CXCR1 interaction on the cell surface. CXCL8 labelled with CF633 thiol reactive dye for FACS measurements (CXCL8S72C-CF633) was obtained analogously to CXCL8S72C-DL550 as previously reported. 62 When HEK 293 cells stably transfected with CXCR1 (see supplementary Figure S7 ) were treated with a 300 nM solution of CXCL8S72C-CF633 and analyzed by FACS, cells showed fluorescence at an excitation wavelength of 640 nm indicating a CXCL8:CXCR1 interaction (see Figure 7) . No fluorescence was observed when co-incubating the cells with 300 nM CXCL8S72C-CF633 and 390 nM antihuman-CXCL8 antibody (Sigma #I2519, monoclonal anti-Interleukin-8, mouse). Co-incubation of CXCL8S72C-CF633 with 500 nM IL8RPLoops also led to reduced cell fluorescence ( Figure  7) . No quenching occurred upon mixing of CXCL8-CF633 with different concentrations of CXCL8RPLoops (see supplementary Figure S8 ) and no unspecific interactions of FluoIL8RPLoops with HEK 293 cells were observed in the FITC channel (see supplementary Figure S9 ). In addition, human neutrophil granulocytes were used in a similar staining experiment with CXCL8S72C-DL550 and analyzed under the microscope (see Figure 8 ). CoIncubation of neutrophils with 100 nM CXCL8S72C-DL550 and 500 nM Fluo-IL8RPLoops reduced CXCL8S72C-DL550-induced fluorescence of the cells to a minimum. Taken together, these results suggest that IL8RPLoops interacts with CXCL8 to prevent CXCL8:CXCR1 association. We then investigated the effect of Fluo-IL8RPLoops on neutrophil migration (Figure 9 ). Upon stimulation of cells with 10 nM CXCL8, an average of 31 % of cells migrated into the lower cavity of the assay plate. When stimulated with a mixture of 10 nM CXCL8 and 2.5 µM IL8RPLoops, the number of migrated cells was reduced by 50 %. This inhibitory effect was not observed for fMLP-induced migration thus demonstrating the specificity of the FluoIL8RPLoops:CXCL8 interaction. To ensure results were not a result of toxic effects, a cell viability assay was conducted. No toxic effects of IL8RPLoops on human neutrophils were observed in the relevant concentration range (see supplementary Figure S10 ). Figure 9 : Neutrophil migration assay with human neutrophil granulocytes, the graph shows one experiment with STD. Statistical differences between the CXCL8 treated cells and the cells treated with CXCL8 and inhibitors are indicated (***P < 0.001) and the experiments were repeated three times. Similar results were obtained in three experiments with cells of independent donors (see supplementary Figure S11 ). Negative control (buffer, light gray): chemotaxis buffer (RPMI medium with 0.2 % bovine serum albumin BSA). Positive control: 10 nM CXCL8 in chemotaxis buffer (dark gray) and 10 nM fMLP in chemotaxis buffer (white). Inhibitor control: chemoattractant with anti-CXCL8 mouse monoclonal antibody. CXCL8-induced migration decreases by ca. 50 % upon co-incubation with 2.5 µM Fluo-IL8RPLoops. fMLP induced migration is not influenced.
Finally, we investigated the binding mode of IL8RPLoops to CXCL8 by flexible docking in a constraint-free molecular dynamics simulation. The model complex of CXCR1 with CXCL8 was used as a starting point for initially orientating the peptide in the vicinity of CXCL8 in Cartesian space. During the course of the 200 ns simulation, the peptide and CXCL8 were free to explore alternative conformations. The peptide largely retained its helical conformation and formed stable interactions with E4 and R6 of the ELR-motif of CXCL8 (see Figure 10 ), reminiscent of the chemokine's interaction with CXCR1 in the model complex (Figure 1) . In this way, the peptide core wraps around the 30S-loop, binding next to the Nterminus of CXCL8. We postulate that this is characteristic of the functional binding mode of IL8RPLoops to CXCL8 and consequently prevents CXCL8 binding to CXCR1 as shown in cell experiments. 
Conclusion
By taking advantage of the wealth of experimental functional data regarding CXCL8:CXCR1 interaction, and by using state-of-the-art tools for flexible protein-protein docking, we constructed a novel structural model of the CXCL8:CXCR1 complex, which shows a high level of consistency with reported functional data. Furthermore, we describe the role of four residues on CXCR1 (R199, R203, D265, and E275) and three residues on CXCL8 (E4 and R6 of the ELR motif and E29) that are important for complex formation. Furthermore, a new model of a CXCR4/chemokine complex 52 that was published during the review process of this paper is strikingly similar to our model, further validating the relevance of our CXCR1/CXCL8 complex structure. We demonstrated the rational design of a peptide CXCL8-capture agent called IL8RPLoops, that was designed from parts of ECD3/TMH5 and TMH6/ECD4 of CXCR1 containing the functionally important residues R199 (ECD3), R203 (TMH5) and D265 (TMH6). IL8RPLoops shows an affinity of 0.5 ± 0.3 µM for CXCL8. The affinity of IL8RPLoops for CXCL8 was successfully exploited for CXCL8-capture on TentaGel beads and for a reverse capture assay on glass. Thus, IL8RPLoops may be a promising tool for the capture and identification of CXCL8 in the field of diagnostic microarrays. In addition to being a useful capture agent, it was shown that IL8RPLoops is also capable of inhibiting CXCL8 binding to CXCR1 on the surface of cells and of CXCL8-induced migration of human neutrophils.
Theoretical computational simulations confirm the ELR motif of CXCL8 to be a likely interaction site of IL8RPLoops. Furthermore, the IL8RPLoops peptide appears to be a valid starting point for the development of a new class of specific inhibitors for chemokines containing the ELR motif. On a more general note, we believe the overall strategy of this study is potentially extendable to a wider group of GPCR ligands. By first studying the interactions of peptide ligands with their respective GPCRs, novel peptides may be designed based on relevant GPCR ECDs/TMH fragments. In particular, as it is known that TMH5 and TMH6 are highly relevant to GPCR agonistic function and conformational change in general, 46 the design of peptides based on parts of these two helices as well as associated ECD3 and ECD4, may prove to be a fruitful technique for inhibiting the ligands of other GPCRs. N,N-dimethylformamide (DMF), dichloromethane (DCM), acetonitrile, trifluoroacetic acid (TFA), piperidine, and ethanol were purchased at VWR. N,N-diisopropylcarbodiimide and methanol were purchased at TH Geyer, N,N-dimethylaminopyridine, 5(6)-carboxyfluorescein, 1,8-diazabicyclo [5.4 .0]undec-7-en (DBU), diisopropylethylamin (DIPEA), triisopropylsilane, and bromoacetic acid, α-cyanohydroxy cinnamic acid, antibody monoclonal anti-Interleukin-8 mouse, CF-TM-633 maleimide and RPMI chemotaxis medium were purchased at Sigma-Aldrich. Antibody FITC-anti human IL8, mouse was purchased at BioLegend. Amino acids were purchased at Iris Biotech and Orpegen. 1-Hydroxybenzotriazole (HOBt) and N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) were also purchased at Iris Biotech. Chlorotritylchloride resin was purchased at PL-Laboratories. H 2 N-Gly(OtBu) was purchased at Carbolution Chemicals. N-methyl-2-pyrrolidone (NMP), diethyl ether, dextran 500 and bovine serum albumin were purchased at Carl Roth. TCEP reduction gel and fluorescent dye DyLight550-maleimide were purchased at Thermo Scientific. Lymphoprep was purchased at Axis-Shield PoC AS. 384 (low volume) flat transparent bottom, black wall microtiter plates, cell culture plates and 96 well clear/black microtiter plates were purchased from Corning. Transwell Migration plates were purchased from Corning.
Molecular Dynamics Simulations:
IL8RPLoops starting conformation was defined by extracting the two sequence parts AKWRMVLRI (ECD 3) and ADTLMRTQ (ECD 4) from the two CXCR1 receptor domains and linking them with 6-aminohexanoic using Maestro 66 , causing minimal overall perturbation to the peptide structure. The peptide was then energy minimized and simulated in explicit solvent for 100 ns molecular dynamics (production run) using MOE-2012 in the Amber12-EHT force-field at 300° NVT. 67 In order to probe the binding mode of IL8RPLoops to CXCL8, the structure of the peptide after 100 ns MD was superimposed onto the respective domains of CXCR1 in the docked conformation with CXCL8 (see below) using CHIMERA. 65 The co-ordinates of the peptide with CXCL8 were then extracted from the ensemble to give a starting conformation for docking by molecular dynamics. The CXCL8:IL8RPLoops complex was then energy minimized and simulated in explicit solvent for 200 ns MD (production run). This protocol yielded a final docked CXCL8:IL8RPLoops conformation.
Protein-Protein Docking:
The NMR structure of CXCR1 (2LNL) lacks the N-terminus of CXCR1 (residues 1-28) 38 . These missing residues were modelled using MODELLER 68 based on the structure of the N-terminus-CXCR1-derived peptide in the template CXCL8:CXCR1-p1 complex (PDB id: 1ILQ). 18 Modelling was performed so as to cause minimal perturbation to the rest of the CXCR1 structure. This enabled the presentation of the N-terminus of CXCR1 in an experimentally established conformation. The X-ray crystal structure of CXCL8 (PDB id: 3IL8) lacks the first four residues of its sequence and these were added with MODELLER. Prior to docking CXCL8 and CXCR1 were initially orientated by superimposing their respective structures onto the established CXCL8:p1 complex using CHIMERA. This allowed the observed interactions in the CXCL8:p1 complex to be maintained as closely as possible. This protocol resulted in the re-location of the N-terminus of CXCL8 within the proximity of ECD 3 and ECD 4 of CXCR1. ROSETTA 43 was then used to flexibly dock CXCL8 with CXCR1 and optimize the docked complex with iterative cycles of relaxation (with CXCR1 in an implicit membrane) until convergence was reached (three cycles in total).
Peptide Synthesis: Peptides IL8RPLoops and FWLDFW were synthesized on TentaGel MB HMBA (MB300140) resin with an average diameter of 300 µm with a resin loading of 0.24 mmol g -1 for on-bead capture assay. IL8RPLoops was additionally synthesized on a 2-chlorotritylchloride resin (1.5 mmol g -1 ). The resin was swollen in DCM and manually functionalized with the first amino-acid. 3 eq of Fmoc-protected amino acid were dissolved in DMF and added to the resin. 4.0 eq of DIC and 0.1 eq of DMAP were added (stock solution: 15 mg mL -1 in DMF). The suspension was shaken overnight at 600 rpm. The resin was washed five times with 3 mL of DMF. The resin loading was determined by Fmocremoval. 69 . A standard Fmoc/tBu SPPS protocol was used for the peptide synthesizer (Liberty, CEM, USA) equipped with a microwave reactor (Discover, CEM, USA). Amino acids were prepared as 0.2 M solutions in DMF. The Fmoc-protecting group was removed with 20 vol% piperidine in DMF: Activating solution was prepared with 0.25 M HOBT and 0.25 M HBTU in DMF. Activator base was prepared as 1 M DIPEA in NMP.
Removal of side chain protecting groups and cleavage from chlorotritylchloride resin: For manual removal of side chain protecting groups and cleavage from solid phase the resin was washed thoroughly with DCM and methanol and dried under vacuum overnight. The resin was incubated with 2 mL of 95 % TFA, 2.5 % triisopropylsilane and 2.5 % water for 4 hours. The resin was washed two times with 1 mL of TFA and the solution was combined with the cleavage solution. Peptide was precipitated from the cleavage solution with cold diethyl ether and centrifuged. The supernatant was discarded and the peptide was washed with diethyl ether before drying in vacuo. The same TFA-mixture was employed for removal of side chain protecting groups of peptides on TentaGel-HMBA resin.
Cleavage of peptides from TentaGel MB HMBA resin:
The resin was washed with DCM and dried under vacuum overnight. The resin was placed in a desiccator filled with ammonia vapor. The resin was left inside the desiccator for 4 h or overnight. Peptides were solubilized with acetonitrile:water=1:1 (v/v).
Determination of resin loading by Fmoc removal:
The resin was washed with DCM. Three times ten TentaGel MB HMBA beads each were manually transferred into three microfuge tubes. The beads were centrifuged to the bottom of the tube and incubated for 30 min with 8 µL of 2 vol% DBU in DMF. The bead suspension was diluted with 992 µL acetonitrile and absorption was measured at 304 nm. The extinction coefficient of dibenzofulvene in DBU/DMF/acetonitrile is ε=7624 M -1 cm -1 , 69 resin mass was calculated according to information from Rapp Polymere: 15.7 µg per bead TentaGel MB HMBA. A correction factor of 1.17 was introduced by comparing results from this method with the method from Gude 69 . Resin loading was calculated according to the following equation:
Attachment of 5(6)-carboxyfluorescein to IL8RPLoops peptide: Fluorescein was coupled manually to IL8RPLoops on chlorotritylchloride resin as follows: A mixture of 3 eq of 5(6)-carboxyfluorescein in DMF, 3 eq of DIC and 3 eq of hydroxybenzotriazole (HOBt, 30 mg/mL in DMF) was added to the resin and shaken for at least 2 h at room temperature. The resin was washed five times with DMF.
Peptide purification by HPLC: HPLC was conducted on a LC20-AD Shimadzu two-pump system with a PDA equipped with a Supelco C18 RP column (250 x 10 mm Discovery HS C18, Supelco, Sigma-Aldrich). The column was equilibrated for 10 min with eluent A (95 % water/5 % acetonitrile/0.1 % TFA). After injection of the crude peptide solution eluent B (95 % acetonitrile/5 % water/0.1 % TFA) was increased to 5 % over 1 CV. Then the acetonitrile concentration was elevated continuously to reach 80 % eluent B after 5 CV at a flow rate of 1 mL/min. Absorption was monitored at 254 nm and 495 nm. Fractions were collected manually and lyophilized. Fluo-IL8RPLoops eluted after 68 min. Expression and purification of CXCL8 and CXCL8S72C: E. coli BL21 DE3 RIL were transformed with a pET-22b vector containing the codon optimized sequence of human CXCL8 60 or with pET-22b vector containing the sequence of human CXCL8 with a C-terminal cysteine residue 62 . The proteins were expressed and purified by a procedure modified from Wiese et al. 60 . Briefly, the transformed cells were grown in LB-medium containing ampicillin (60 µg/mL). At an optical density OD 600 of 0.6-0.8 expression was induced by addition of IPTG (0.1 mM final concentration). Expression was continued for 3 h at 30 °C. Cells were harvested by centrifugation (45 min at 5000×g) and resuspended in buffer A (40 mM Na 2 HPO 4 , 90 mM NaCl, pH 7.4) supplemented with 1 mM EDTA, 0.2 mg/ml lysozyme, 0.1 mg/ml DNase I and incubated on ice for 1.5 h. After addition of 0.5 % Triton X-100, the suspension was sonified three times for 30 s at 50 % intensity (Sonopuls, Bandelin Electronics). After additional incubation with DNase I the sample was heated to 70 °C for 10 min to precipitate host cell proteins. The lysate was centrifuged at 4 °C and 4500×g for 45 min. The protein was purified from the supernatant via HPLC on an ÄKTA purifier 10 system (GE Healthcare) using a 5 mL HiTrap SP FF column (GE Healthcare) with a gradient of 0-30 % buffer B (2 M NaCl and 40 mM sodium phosphate, pH 7.4) in buffer A. Protein fractions were lyophilized and desalted on a centricon (Vivaspin20; Sartorius) using water. Concentrations were determined by absorption spectroscopy at 280 nm based on a standard curve recorded with purified CXCL8.
Fluorescence Labelling of CXCL8S72C: 150 µL TCEP resin was transferred into a microfuge tube and washed once with 200 µL low-salt-PBS (ls-PBS, 40 mM Na 2 HPO 4 *2 H 2 O, 35 mM NaCl at pH 7.41). 2.1 mg of CXCL8S72C in 1 mL ls-PBS were incubated with the reduction gel for 45 min, centrifuged, and the supernatant was transferred into a microfuge tube. The gel was washed twice with 50 µL ls-PBS and the CXCL8S72C supernatants were combined. 1 mg of DyLight550-maleimide or CF633-maleimide was solubilized in 100 µL of peptide grade DMF and 50 µL of this solution was added to the CXCL8S72C in ls-PBS and incubated for 2.5 h on an orbital shaker at room temperature protected from light. The fluorescently labelled protein was purified on an LC20-AD Shimadzu two-pump system with a PDA equipped with a C8 RP column (VP250/10 Nucleosil 300-7, Macherey-Nagel) employing a multistep gradient: The column was equilibrated for 5 min with 10 % eluent B (95 % acetonitrile/5 % water/0.1 % TFA). The concentration of eluent B was constantly elevated to 40 % over 25 min. The concentration was held constant for 5 min and was then elevated to reach 95 % eluent B in one minute. Absorption was monitored at 280 nm and 495 nm. CXCL8S72C eluted after 27 min, while labelled variants eluted after 28 min. Fractions were collected manually and lyophilized. Products were analyzed by MALDI TOF MS.
Fluorescence anisotropy measurements:
Fluorescence anisotropy measurements were conducted on a Tecan Infinite M1000 microplate reader (Tecan). Measurements were conducted according to Moerke in low-volume black wall, transparent flat-bottom 384-well microtiter plates. 61 CXCL8 wild type was dissolved in ls-PBS and 15 consecutive 1:2-dilutions of protein in ls-PBS were prepared to give a final volume of 31.5 µL each. To each of these dilutions, 3.5 µL of 2 µM Fluo-IL8RPLoops (in ls-PBS) was added. Additionally, 31.5 µL of ls-PBS with 3.5 µL of Fluo-IL8RPLoops (negative control) and 31.5 µL of plain ls-PBS buffer (blank) were prepared. The components were gently mixed and three times 10 µL of each solution were transferred into three adjacent cavities of the 384-well microtiter plate. For fluorescence anisotropy competition experiments aliquots of 31.5 µL of a stock solution of 2 µM Fluo-IL8RPLoops and 1 µM CXCL8 were added to 3.5 µL of 1:2-dilutions of IL8RPLoops in ls-PBS. Fluorescence anisotropy was measured at an LED excitation wavelength of 470 nm; the emission wavelength was manually set to 520 nm.
CXCL8 capture assay on TentaGel beads:
After cleavage of the side-chain protecting groups peptides on TentaGel MB HMBA 300 µm resin were washed three times with ls-PBS and incubated with 10 µM CXCL8S72C-DL550 in ls-PBS. The beads were incubated for 5 h at room temperature and washed three times with ls-PBS, transferred into a 384 black wall, transparent flat bottom microtiter plate and analyzed under the fluorescence microscope (Zeiss Axio Observer.Z1, FITC channel Ex 450-490 nm, Em 500-550 nm; RHO channel Ex 538-562 nm, Em 570-640 nm).
CXCL8 reverse-capture assay on glass: Clean room glass slides (Nexterion® Slide Glass B) were immersed in 4 mL 3 % BSA in PBS and shaken for 10 min at room temperature. Slides were washed by immersion in 4 mL PBS and shaken for 5 min at room temperature. The PBS washing step was repeated three times. Slides were immersed in water and dried by centrifugation. A HybriWell chamber (Grace Bio-Labs) was attached to the slide, filled with 50 µM CXCL8S72C-DL550 in ls-PBS, sealed and exposed to a greyscale image at 550 nm generated by the maskless lithography system developed by Waldbaur et al. for 6 min.
HybriWell chambers were removed and slides were washed by immersion in PBS (3×4 mL), washed with water and dried by centrifugation. New HybriWell chambers were attached to the area previously exposed to light and filled with a staining solution of 5 nM FITC-anti-CXCL8 (BioLegend #514604, FITC-anti human IL8, mouse) or 20 µM Fluo-IL8RPLoops in ls-PBS and sealed. They were incubated for 10 min at room temperature. HybriWell chambers were removed and slides were washed with water and dried by centrifugation. Slides were analyzed by a GenePix 4000B microarray scanner (Molecular Devices).
FACS analysis: HEK293 cells stably expressing CXCR1 were detached with PBS containing 0.5 mM EDTA and washed twice with DMEM/0.2 % (w/v) bovine serum albumin (BSA). Cells (5×10 6 cells per mL) were incubated with DMEM/0.2 % (w/v) BSA (control), 300 nM CXCL872C-CF633, 500 nM IL8RPloops and a mixture of the latter two for 2 h at 37 °C. In addition, a mixture of 390 nM mouse anti-human CXCL8 (Sigma #I2519, monoclonal antiInterleukin-8, mouse) and 300 nM CXCL8S72C-CF633 was prepared. Cells were incubated on ice. After washing once with DMEM/0.2 % BSA and twice with HBSS (Hank's Balanced Salt Solution), cells were analyzed by flow cytometry (BD Influx™, BD Biosciences). 100,000 events of each sample were recorded.
Isolation of neutrophil granulocytes from human blood: Equal volumes of human blood (roughly 10 mL per experiment), dextran 500 (6 % solution in water) and PBS buffer (12 mM Na 2 HPO 4 , 137 mM NaCl, 2.7 mM KCl at pH 7.50) were mixed and incubated at 37 °C for 30 min; sedimented erythrocytes were discarded. The supernatant was transferred into a new tube and centrifuged for 10 min at 15 °C with 240×g. The supernatant was discarded and the pellet was washed with PBS buffer and centrifuged for 10 min at 15 °C with 240×g. The pellet was suspended in 10 mL PBS buffer and added to 30 mL Lymphoprep. The mixture was centrifuged for 20 min at 4 °C with 600×g. The white layer formed in the middle of the tube was carefully removed, the pellet was suspended in PBS buffer and centrifuged for 10 min at 4 °C with 240×g. The pellet was washed in PBS, and then suspended in 5 mL PBS buffer. Erythrocytes were lysed by addition of 25 mL deionized water. After 30 s 17.2 mL 3.6 % NaCl solution in water was added. The suspension was centrifuged for 10 min at 4 °C with 240×g. The pellet was consecutively washed with PBS buffer and chemotaxis buffer (RPMI medium with 0.2 % bovine serum albumin). The cells were suspended in chemotaxis buffer and can be used for 2-3 h at maximum.
Fluorescence cell assay: 1*10 6 human neutrophil granulocytes (2×10 7 cells per mL) in chemotaxis buffer (RPMI medium with 0.2% (w/v) bovine serum albumin) were aliquoted in wells of a 96-well clear flat bottom MTP. Cells were incubated with 100 nM IL8-S72C-DL550, with 500 nM Fluo-IL8RPLoops and a mixture of 100 nM IL8-S72C-DL550 (0.1 µM) and 500 nM Fluo-IL8RPLoops. Cells were incubated for 1 h at room temperature and washed three times with 100 µL PBS (centrifugation at 400 rcf), pipetted onto glass slides and observed under the fluorescence microscope (RHO-channel, Ex: 538-562 nm, Em: 570-640 nm).
Neutrophil migration assay: 24-well Transwell plates (3 µm) were purchased at Corning. CXCL8 and fMLP were prepared as a 0.01 M solution in chemotaxis buffer. A mix of 0.01 µM CXCL8 with 2.5 µM Fluo-IL8RPLoops and a mix of 0.01 µM fMLP with 2.5 µM Fluo-IL8RPLoops were prepared. The cavities of the 24-well bottom plate were filled with 595 µL of the chemokine/inhibitor solutions (each solution was prepared in triplicate). To determine the maximum cell number, plain cell suspension was added to three cavities. As a negative control, plain buffer was added to three more cavities. Anti-CXCL8 antibody (10.8 µL of mouse anti-human IL8, monoclonal, 500 µg/mL) in 900 µL chemotaxis buffer served as a positive inhibitory control. The inserts of the top plate were filled with 150 µL of neutrophil suspension in chemotaxis buffer. After incubation for 1.5 h at 37 °C in a CO 2 incubator the inserts were removed and 50 µL of cell suspension were mixed with 50 µL trypan blue solution (0.5 % (w/v) in PBS). Cells were incubated with trypan blue for 5 min at room temperature. Living cells of each well were counted using an improved Neubauer chamber. Resulting absolute cell numbers were divided by the maximum cell number to obtain relative cell numbers for evaluation. Statistics: Comparisons of the transwell assay with more than two data sets were performed by one-way anova and a posthoc test (Bonferroni´s Multiple Comparison Test) using the Prism 5.0 program (GraphPad Software Inc, San Diego, CA).
